We have studied Electroweak Symmetry Breaking (EWSB) fine-tuning in the context of two unified Supersymmetry scenarios: the Constrained Minimal Supersymmetric Model (CMSSM) and models with Non-Universal Higgs Masses (NUHM), in light of current and upcoming direct detection dark matter experiments. We consider both those models that satisfy a one-sided bound on the relic density of neutralinos, Ωχ0 1 h 2 < 0.12, and also the subset that satisfy the two-sided bound in which the relic density is within the 2 sigma best fit of WMAP7 + BAO + H0 data. We find that current direct searches for dark matter probe the least fine-tuned regions of parameter-space, or equivalently those of lowest µ, and will tend to probe progressively more and more fine-tuned models, though the trend is more pronounced in the CMSSM than in the NUHM. Additionally, we examine several subsets of model points, categorized by common mass hierarchies; Mχ0
I. INTRODUCTION
The Minimal Supersymmetric Standard Model (MSSM) is the simplest supersymmetric extension of particle physics beyond the Standard Model. If supersymmetry is broken near the weak scale, not only is the MSSM a framework in which gauge coupling unification can be achieved [1] , but it also provides a compelling candidate for particle dark matter [2] ; the lightest supersymmetric particle (LSP), which is expected to be stable in many supersymmetric realizations. One of the most simple and oft-studied MSSM realizations is the constrained MSSM (CMSSM) [3] , in which the entire spectrum of particles and their interactions are specified at some high input scale, typically the supersymmetric GUT scale, by four free parameters and a sign: a universal mass for all gauginos, M 1/2 ; a universal mass for all scalars, M 0 ; a universal value for the trilinear couplings, A 0 ; the ratio of the Higgs vacuum expectation values, tan β; and the sign of the Higgs mixing parameter, µ. However, it is by no means necessary that all scalar masses are unified at a high scale. In fact, the soft supersymmetry-breaking contributions to the Higgs scalar masses are generally not related to the squark and slepton masses, even in the context of SUSY GUTs 1 .
In this paper we investigate the relationship between electroweak naturalness, direct dark matter detection prospects, and the mass hierarchy of supersymmetric particles in two unified variants of the MSSM: a case with full universality of scalar masses at the GUT scale, the CMSSM, and a case in which the supersymmetry-breaking contributions to the scalar masses of the MSSM Higgs multiplets are allowed to deviate from the universal value of the squark and slepton masses at the GUT scale, models with Non-Universal Higgs Masses (NUHM) [6] . While it is possible that the supersymmetry-breaking contributions to the scalar Higgs masses themselves are universal at the GUT scale (often called NUHM1, for the one additional free parameter required to specify the model) [7] , here we examine the more general case that the two Higgs masses are unrelated (commonly referred to as NUHM2), of which the NUHM1 is a subset. In both the CMSSM and the NUHM, the dark matter candidate is the lightest neutralino, which is a linear combination of the supersymmetric partners of the photon, the Z boson, and the neutral scalar Higgs particles.
Neutralino LSPs are excellent dark matter candidates, possessing roughly the right annihilation cross section and mass to account for the observed density of cold dark matter in the universe, assuming they are thermal relics. According to the analysis in [8] , the cold dark matter density has the value Ω CDM h 2 = 0.1127 ± 0.0036,
where h is the Hubble constant H 0 in units of 100 km/s/Mpc, Ω CDM = ρ CDM /ρ c is the fraction of the dark matter density in units of the critical density ρ c = 3H 2 0 /(8πG) ∼ 10 −29 g/cm 3 , and the best fit and 1σ errors are obtained from a combination of WMAP7, BAO, and H0 data.
Despite the successes of the MSSM, fine-tuning of the Z mass is a generic issue for supersymmetric models. Neglecting loop corrections, the Z mass in the MSSM is given by
where m Hu and m H d are the SUSY-breaking contributions to the effective masses of the up-and down-type Higgs fields, respectively, and all parameters are defined at m Z . Clearly, a cancellation of the terms on the right hand side is required in order to obtain the measured value of m Z , a particularly unnerving situation given that typical values for parameters on the right hand side can be orders of magnitude from the weak scale.
As noted in [9] and [10] , the degree of fine-tuning may be quantified using log-derivatives. Here, we follow [11] and compute the quantity
where ξ = m 2 Hu , m 2
, b, and µ are the relevant Lagrangian parameters. Then
where it is assumed that tan β > 1. The overall fine-tuning ∆ is defined as
with values of ∆ far above one indicating significant fine-tuning. Quantum corrections further contribute to the fine-tuning, e.g. the one-loop contribution to the m 2 Hu parameter from top and stop loops.
In this paper we use the MicrOMEGAs code [12] with SUSPECT [13] to compute the fine-tuning parameter ∆ (accurate to at least one-loop). We note that bounds on mχ± 1 imply µ > 100 GeV.
As illustrated in Fig. 1 , ∆ is strongly correlated with µ. This relationship between ∆ and µ can be easily understood by considering the approximation
valid at large tan β. Throughout this paper, however, we use the full calculation of Eq. 5.
The point of this paper is to study the amount of fine-tuning in the CMSSM and NUHM under the assumption that the lightest neutralino makes up some portion of the dark matter in the Universe, with a focus on the relationship between fine-tuning and prospects for direct detection of dark matter in these scenarios. Direct searches for dark matter seek to detect the scattering of dark matter particles off of nuclei in low-background detectors. Many such searches are being pursued, among them [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] . For brevity, here we consider the current bounds and future prospects specifically for the XENON experiment only. Current bounds have been presented for 100 live days of operation of the XENON-100 detector [14] , while future projections are for the ton-scale detector, XENON-1T [25] . Specifically, we apply the latest bounds from the XENON-100 experiment on the spin-independent cross section, σ SI , normalized to scattering off protons (i.e. we divide out the dependence on the atomic number of the nucleus with which the scattering takes place). We note that although the discussion is focused on the XENON detectors, the cross sections we present are not specific to any particular experiment.
Fine-tuning has long been a concern for phenomenological models within the MSSM framework.
The sensitivity of the neutralino dark matter abundance to fine-tuning of the CMSSM inputs was studied in [26] , while EWSB and dark matter fine-tuning in the MSSM with non-universal gaugino and third generation scalar masses was studied in [27] . The connection between electroweak naturalness and neutralino-nucleus elastic scattering was explored in [28] . Most recently, [29] examined the LHC signatures and direct dark matter search prospects for CMSSM models with low fine-tuning, and [30] studied fine-tuning in light of recent XENON-100 and LHC constraints.
As we were completing this manuscript, we became aware also of [31] , in which the relationship between electroweak fine-tuning and the neutralino-nucleus elastic scattering cross section is also discussed in the context of the MSSM with relevant parameters specified at the weak scale and with the assumption that neutralinos constitute all of the dark matter in the Universe. Our results are in agreement with their findings. In this paper, we also study the mass hierarchy of relevant supersymmetric particles as described below.
We assume a thermal history for the LSP and require its relic density to be less than or equal to that of the cosmological dark matter. For a predominantly bino-like LSP, generic annihilation channels do not in general reduce the relic density sufficiently to meet constraints set by observations of the dark matter density. Co-annihilation with another particle (χ ± 1 ,t 1 , orτ 1 ) or enhancement of the annihilation cross-section by a light or heavy Higgs pole is often necessary for such LSPs.
We study each of these channels separately by categorizing models based on the mass hierarchy of SUSY particles in each: we label them according to the near-degeneracy of the neutralino LSP with the next-to-lightest SUSY particle (NLSP), or by the near-resonance that enhances the LSP annihilation rate. The categories we consider are near-degeneracy of the LSP withχ ± 1 ,t 1 , orτ 1 particles, and h-and A-pole resonances. We note that if the LSP has a significant higgsino admixture, it is possible for the relic density of neutralinos to be cosmologically viable even in the absence of a resonance or co-annihilations, and we make no a priori assumptions about the composition of the neutralino LSP. Mass hierarchies have been studied with respect to spin independent neutralino-nucleon elastic scattering in [32] . Here we present a simplified categorization scheme in order to focus on the fine-tuning and implications for direct dark matter searches. For all scans, we take the top mass to be m t = 173.1 GeV [33]. In both the CMSSM and the NUHM, we assume µ > 0 and scan the ranges 1 < tan β < 60 and −12 TeV< A 0 < 12 TeV. In the CMSSM, we scan 0 < M 0 < 4 TeV and 0 < M 1/2 < 2 TeV while in NUHM space we scan 0 < M 0 < 3 TeV, 0 < M 1/2 < 2 TeV, and the GUT-scale Higgs scalar mass parameters −3 TeV
We note that in the NUHM, the scan was divided into a more dense scan for 0 < M 1/2 < 1 TeV, and a less dense scan for 1 TeV< M 1/2 < 2 TeV. The motivation for this division is that lower M 1/2 implies lower gaugino masses and therefore potentially interesting LHC phenomenology to be explored in follow-up work. The non-uniform scan does not affect the conclusions of this study, and we would like to note that the sparseness of points should not be taken as an indication of the sparseness of the parameter space. The assumption of gaugino universality is not relaxed here. Hence, the running of the gaugino masses (calculated using the Renormalization Group Equations of the MSSM) results in the standard rough relations of 1:2:6 for M 1 : M 2 : M 3 at the electroweak scale in both the CMSSM and the NUHM.
II. CONSTRAINTS
A. Accelerator Constraints
We impose a lower limit on the mass of the light CP-even Higgs boson, m h > 114 GeV [34] .
All accelerator bounds on SUSY parameters were enforced, including mχ± 1 > 104 GeV [35] and, following [36] , mt 1 ,τ 1 > 100 GeV. As in [36] , we take the recommendation of the HFAG [37] (including results from BABAR [38] , Belle [39] , and CLEO [40] ) as well as the updated Standard Model calculation [41] , and allow the 3σ range 2.77×10 −4 < Br(b → sγ) < 4.27×10 −4 . From CDF bounds we require Br(B s → µ + µ − ) < 10 −7 [42] . Finally, we follow Djouadi, Drees, and Kneur to demand −11.4 × 10 −10 < δ(g µ − 2) < 9.4 × 10 −9 [43] .
B. Relic Density
A thermal cosmological history is assumed. Throughout this study, we apply an upper limit of Ωχ0 1 h 2 < 0.12 for all models in each scan. In the penultimate section, however, we further restrict our inquiry to those models with neutralinos providing the correct relic density in the range 0.105 < Ωχ0 1 h 2 < 0.12 from Eq. (1) to two sigma.
In the following analysis, we differentiate among SUSY mass hierarchies. For those cases in which the lightest neutralino is nearly degenerate in mass with another SUSY particle, we label the models according to the near-degeneracy:
Often (but not always) this corresponds to the case of coannihilation of the LSP with the neardegenerate particle as the primary mechanism for producing the correct relic abundance. Cases 
IV. IMPLICATIONS OF DIRECT DARK MATTER SEARCHES
In this section we discuss current limits on and projected sensitivity to the CMSSM and NUHM scenarios from the XENON-100 and XENON-1T experiments.
A. Formalism
The only velocity-independent term in the four-fermion interaction Lagrangian contributing to spin independent scattering of neutralinos with nuclei is L = α qχ χqq [44] , with the coefficients α q calculable from the particle spectrum of the model. In the zero-momentum-transfer limit, the spin independent elastic scattering cross section forχ 0 1 scattering on a nucleus with atomic number Z and atomic mass A can be written as
where m r is the reducedχ 0 1 -nuclear mass, and the parameters f N for N = p or n are given by
The nuclear form factors for the light quarks, f 
and
It is useful to parametrize the scattering cross section in terms of the pion-nucleon sigma term, σ πN , and the quantity σ 0 , which are related to the quark masses and B
where we have dropped the superscript (N ) due to the relations
Finally, introducing the quantities [46] 
the form factors can be written simply as
We take the light quark mass ratios to be m u /m d = 0.553 and m s /m d = 18.9 [47] , and adopt the default values σ πN = 55 MeV and σ 0 = 35 MeV from [12] , leading to
We note that there is significant uncertainty in the value of the pion-nucleon sigma term, as explored recently in [48] . It was found that varying σ πN from its minimal value, σ 0 , to the 2σ upper bound of 80 MeV can result in a change in σ SI by as much as a factor of ∼ 10, depending somewhat on the location of the point in the CMSSM parameter space for which the calculation is carried out. Similar effects would be observed in NUHM models. Since we choose σ πN = 55 MeV, the exact values of σ SI reported here may therefore be systematically offset by a factor of a few.
We caution the reader to interpret any apparent exclusion with this in mind, and rather to focus on the broader trends in the following analysis.
B. XENON constraints
All models considered here are cosmologically viable, with Ωχ0 /Ω CDM . Effectively, we compute a normalized scattering cross section,
Since the count rate for low density LSPs in the detector is reduced, the bounds from XENON-100 on σ SI for these models are weaker and the discoverability in XENON-1T is reduced.
3 illustrates the XENON-100 bounds on the total spin-indendepent neutralino-nucleon elastic scattering cross section, σ SI , as a function of fine-tuning, ∆, in the CMSSM and the NUHM. Red points are ruled out by XENON-100 while black points are still viable. Clearly a far smaller fraction of the NUHM points are ruled out compared to CMSSM points. From the general downward slope of the points in the (∆, σ SI ) plane, it is evident that as ∆ becomes large, the neutralino-nucleon elastic scattering cross sections tend to decrease in both the CMSSM and the NUHM. This is related to the fact that large ∆ implies large µ, which, all other factors being fixed, would result in a more bino-like LSP. Especially in the CMSSM, the least fine-tuned models tend to be the easiest to rule out, with the general trend that increasing sensitivity to σ SI will test increasingly fine-tuned models.
In the NUHM, the correlation between σ SI and fine-tuning does not hold as clearly. Fig. 4 plots viable CMSSM and NUHM scenarios on the same axes, but illustrates the split into the various mass hierarchies as indicated. In both the CMSSM and the NUHM, models with light charginos, as well as models that fall into the "other" category, are the least fine-tuned. However, CMSSM scenarios with light charginos all have fairly large σ SI and will be probed by direct dark matter searches in the relatively near future (e.g. XENON-1T), while in the NUHM, points with small fine-tuning and chargino NLSPs may be much more difficult to discover via direct dark matter searches. Given the additional freedom in the Higgs sector of the NUHM, it is perhaps surprising that the CMSSM and the NUHM exhibit as many similarities as they do.
Further insight as to the differences between the CMSSM and the NUHM can be obtained by considering the (mχ0 probe progressively more fine-tuned models as experiments become more sensitive to σ SI . In fact, the current limit from XENON-100 already excludes some of the least fine-tuned models.
The relationship between σ SI and ∆ can be understood by considering the role of µ in the determination of each quantity. As we have shown in Fig. 1 , the value of the fine-tuning parameter is strongly correlated with that of µ, especially at large tan β. In all cases, highly fine-tuned models have large µ. The composition of the lightest neutralino is also related to the value of µ, i.e. for µ < M 1 the neutralino LSP has a substantial higgsino component, while for µ M 1 it remains nearly entirely bino-like. Additionally, the spin-independent neutralino-nucleon elastic scattering cross section increases as the higgsino admixture increases. So small ∆ implies small µ, which means the LSP is more likely to be substantially higgsino-like and therefore σ SI may be quite large. Indeed, the top panels of Fig. 5 demonstrate that the least fine-tuned models are the ones most likely to be found in the next generation of direct detection experiments. We note, however, that as the LSP becomes purely higgsino, σ SI may again decrease: Since Higgs exchange is the dominant scattering process, and since Higgs exchange can occur only through gaugino-higgsino-Higgs couplings, a purely higgsino LSP would result in suppressed σ SI , also.
There is significantly more variation in the neutralino-nucleon elastic scattering cross section in the NUHM than in the CMSSM, especially for mχ0 Thus far, our discussion of viable models has required only that the relic abundance of neutralinos not exceed the measured dark matter abundance. In many cases, the abundance of neutralino dark matter is quite small, such that a secondary source of astrophysical cold dark matter is necessary. In the top panels of Fig. 6 , we show the (mχ0 of ∆ (i.e. some small range of values of µ), the largest cross sections tend to come from points with approximately the right relic abundance of neutralino dark matter, while points for which the abundance of neutralinos is far below Ω CDM tend to have smaller effective σ SI after the scaling.
We point out, however, that there are several scenarios in both the CMSSM and the NUHM where Returning to the question of the relationship between mass heirarchy and fine-tuning, Figs. 7 and 8 show the (mχ0 1 , σ SI ) plane, with the current limit on σ SI from XENON-100 and the projected sensitivity of XENON-1T, for a variety of subsets of our CMSSM and NUHM parameter spaces chosen by mass hierarchy as described previously. In Fig. 7 , the CMSSM is explored, while in Fig. 8 , the NUHM is explored. In both the CMSSM and the NUHM, the value of the fine-tuning parameter ∆ increases somewhat with WIMP mass: Since the neutralino LSP has a significant higgsino component, its mass is therefore related to µ, which is in turn related to ∆. Another consequence of requiring M 1 > µ is that the SU(3) gaugino, the gluino, also must be quite heavy, such that they may be more difficult to discover at the LHC.
As µ is relatively small for mχ0 The light Higgs pole is defined as mχ0 1 ≈ m h /2 ∼ 50-60 GeV. In these cases, both M 1 and µ must be small to generate such a light neutralino LSP. Since we have assumed gaugino mass unification at the GUT scale, the entire gaugino sector must then have correspondingly low mass.
In the CMSSM, since µ is necessarily small in this region of parameter space, the fine-tuning, ∆ is also small. In the NUHM, µ, and therefore ∆, may be somewhat larger. This region in CMSSM was previously studied in [49] .
The heavy Higgs pole is defined as mχ0 GeV. Again, because of the additional freedom in the Higgs sector in the NUHM, the parameter space for A-pole annihilations is larger than in the CMSSM, resulting in a larger range of σ SI in the NUHM than in the CMSSM. We note that the CMSSM is a subset of the NUHM, so the points in Fig. 7 that are excluded by XENON-100 would also appear in Fig. 8 had the parameter space scan been adequately dense. In the CMSSM, A-pole points at lower mχ0 1 and with larger σ SI , i.e. the most accessible to direct dark matter searches, are the least fine-tuned. In the NUHM, that conclusion does not hold; points with ∆ as small as a few ×10 have cross sections that will not be probed even by XENON-1T.
V. NEUTRALINOS WITH CORRECT RELIC DENSITY
To this point, we have enforced only an upper bound on the neutralino relic density, Ωχ0 With this additional constraint, the relation between ∆ and µ is plotted in Fig. 9 . The approx-imate relationship ∆ ∝ µ 2 still holds, and has far less scatter at low µ for the following reason: As µ decreases below M 1 , the lightest neutralino becomes increasingly higgsino-like, and less bino-like, resulting in a lower relic abundance of neutralinos. In many cases, this abundance is below the WMAP-measured dark matter range specified in Eq. 1. By comparison with Fig. 1 , many of the points at low µ have a neutralino abundance that is not sufficient to make up the dark matter, and are therefore absent from Fig. 9 . We have studied EWSB fine-tuning in the CMSSM and the NUHM, in light of current and upcoming direct detection experiments. Fine-tuning of EWSB can be approximated well as a monotonically increasing function of µ. We studied models satisfying first a one-sided bound on the relic density Ωχ0 1 < 0.12 and then a two-sided bound in which the relic density is within the 2σ best fit of WMAP7 + BAO + H0 data. Our results are qualitatively similar in both cases. We find that current direct searches for dark matter probe the least fine-tuned regions of parameter-space, or equivalently those of lowest µ, and will tend to probe progressively more and more fine-tuned models, though the trend is more pronounced in the CMSSM than in the NUHM.
There is more variation in the spin-independent neutralino-nucleon elastic scattering cross section in the NUHM than in the CMSSM, especially for mχ0 Higgs poles, and any additional models classified as "other". Requiring only that neutralino dark matter make up some fraction of the dark matter in the Universe, we find that XENON-100 has already ruled out a significant fraction of parameter space in the CMSSM with low fine-tuning, but a less significant chunk of the NUHM. In both cases, models with mχ0 
